We conducted a numerical estimation of lunar X-ray spectra, which is applicable for lunar X-ray fluorescence observations using an X-ray spectrometer (XRS) onboard the SELENE orbiter, with an improved simulation model. We investigated the integration times of measurements for six elements (Mg, Al, Si, Ca, Ti, and Fe) to achieve signal-to-background ratio of over 10 under various solar conditions. The results of these calculations indicate that expected along-the-track spatial resolutions of a single orbital path for Mg, Al and Si will be <90 km and 20 km under normal and active Sun conditions, respectively. Ca, Ti and Fe will be also detectable with a spatial resolution of 20 km during the periods active solar flares over M1 class happen to occur.
Introduction
An X-ray fluorescence spectrometer (XRS) has been developed for the SELENE (SELenological and ENgineering Explorer) mission, a Japanese lunar polar orbiter mission that will be launched in the summer of 2007, with the aim of globally mapping major elemental composition. Remote X-ray fluorescence spectrometry during spacecraft orbits is an available method to determine the composition of chemical elements on the surface of atmosphere-free rocky planets. Electrons in atoms composing the uppermost planetary surface of less than 1 mm deep are excited by the irradiation of solar X-rays, and generate characteristic X-rays to space while moving back toward the ground state immediately. The energies of these fluorescent X-ray lines are a direct indication of the elemental composition of the surface layer.
Detailed map of elemental composition of the lunar surface is an important key for an understanding of the lunar chemical and geological history, and the origin of the Moon. The pioneering work of measuring lunar fluorescent X-rays was made on the Luna 12 orbiter, which acquired positive indications that the Sun produces measurable fluorescent Xrays, and on Apollo 15 and 16, which successfully detected fluorescent X-rays of Mg, Al and Si from approximately 9% of the lunar surface (Adler et al., 1972a (Adler et al., , b, 1973a Adler and Trombka, 1977) . The recent approach was made by the D-CIXS (Demonstration of a Compact Imaging Xray Spectrometer) on SMART-1 orbiter, which measured Xray lines including calcium by improved detectors (Grande et al., 2003 (Grande et al., , 2007 . At present, X-ray spectrometry of the Moon is being newly attempted by some lunar missions, Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. one of which is SELENE (Okada et al., 2002; Kato et al., 2007) .
Quantitative analyses of the lunar X-ray spectra for future lunar X-ray missions have to date been conducted by numerical X-ray interaction models (e.g., Okada, 1996; Okada et al., 2002; Clark and Trombka, 1997; Clark, 1997) . For the XRS onboard SELENE, the estimation must be recalculated with its improved instrumental performance and orbital configuration in order to optimize operational plans and exact data analyses during flight. We performed the computations of the prospective lunar X-ray spectra measured by detectors of the XRS by a model with the anomalous X-ray scattering collection of atomic scattering factor and the Doppler broadening effect of incoherent X-ray scattering. With respect to the solar X-rays as excitation source of lunar X-rays, line components in the spectra and their scatterings were also taken into account. The lunar surface was assumed to be flat and homogeneous. The surface particle size (Kuwada et al., 1997; Maruyama et al., 2007 Maruyama et al., , 2008 and the irregular topographical features, which have some level of influence on the intensity of the lunar X-rays, are also important and must also be considered for detailed analyses, but they are not considered here.
X-Ray Spectrometer Onboard SELENE
The XRS onboard SELENE is a charge-coupled device (CCD) based energy dispersive X-ray spectrometer. It was designed for global mapping of major rock-forming elements on the lunar surface, targeting Mg, Al and Si mainly, and Ca, Ti and Fe secondarily, within 10% error of elemental ratios (Okada et al., 2002) . The XRS system consists of three components, the XRF-A as the main sensor, SOL-B as a direct solar X-ray monitor and SOL-C as a standard sample monitor. The XRF-A carries out measurements of (1996) . Fluorescence energy Bearden (1967) Absorption edge energy Chantler et al. (2005) the lunar X-rays with 16 CCDs, which provide a total effective area of 100 cm 2 . The CCDs are sensitive to soft X-rays at 0.7-10 keV, which includes fluorescent K lines of all the target elements. A typical size of unit energy channel of the detectors is approximately 10 eV, and the energy resolution was estimated to be <160 eV at Si-Kα (1.74 keV) and <200 eV at Fe-Kα (6.40 keV) as the full width half maximum (FWHM) of the line peaks. X-ray collimators in front of the CCDs adjust their field-of-view to 12 • × 12 • , and the footprint to 20 × 20 km 2 on the lunar surface when observed from a 100-km altitude orbit. The SOL-B measures direct solar X-rays at 1-20 keV using two Si-PIN detectors with hemispherical wide view and energy resolution of <500 eV at Fe-Kα as the FWHM. The SOL-C performs as a calibrator for XRF-A data with a single CCD, measuring X-rays emitted from the standard sample exposed to the Sun. The standard sample is a glassy plate whose composition is similar to the lunar rock average. The intensity of the lunar fluorescent lines strongly depends on the solar spectrum (e.g., Adler et al., 1972a; Clark and Trombka, 1997) . The SOL-B and SOL-C will correct any spectral fluctuation caused by various solar activity. Detailed instrumentation and performances of the XRS are reported in other papers (Yamamoto et al., 2007; Shirai et al., 2008) . SELENE will observe the Moon from nearly polar 100km circular orbits at a ground speed of approximately 1.5 km/s . The XRS will operate continuously, providing 20-km swath lunar compositional measurements about half of the time that the surface is illuminated. The quality of the X-ray fluorescence measurements is correlated with the higher solar incidence angles of the lower latitudes. Such data require shorter integration times. On the other hand, measurements made with the lower solar incidence angle require longer integration times because of the weak irradiation of the Sun. This discrepancy is somewhat compensated for by the far greater overlap between successive orbits that occurs in polar regions. In fact, SE-LENE XRS will provide coverage of the entire lunar surface, including the equatorial regions, 6 times over.
Numerical Model for Lunar X-Ray Emission
The numerical model for the lunar X-ray spectra is described in this section. X-rays from the lunar surface are generated predominantly by interactions in the surface material with solar X-rays, while other photons and energetic particles contribute only negligibly (<10 −4 , e.g., Hayakawa and Matsuoka, 1962) . Therefore, lunar X-ray spectra are numerically explained by solar X-ray spectra and their interactions on the Moon. In this study, lunar X-ray spectra were computed by a fast simulation technique of X-ray interactions and spectrum models of solar X-rays similar to an earlier study by Okada (1996) . References to the fundamental parameters used in the following calculations are shown in Table 1 .
X-ray interaction model
Three different solar-induced processes, including fluorescence and coherent and incoherent scatter, generate Xrays in the lunar regolith to a depth of less than 1 mm. The following equation, the so-called Shiraiwa-Fujino equation, explains the relationship between the primary X-ray irradiation and the subsequent X-ray fluorescence generation, assuming that the sample has a flat surface, homogeneous interior without structure and elemental concentration and infinite depth (Shiraiwa and Fujino, 1966) . The equation is also applicable to the X-ray scattering (Okada, 1996) . X-ray intensity I and energy E produced in element i by primary X-ray flux J as a function of energy E is expressed as
where w i is the mass fraction of ith element, μ(E) is the total X-ray mass absorption coefficient (or mass attenuation coefficient) of the sample at energy E, θ is the primary Xray incident angle to normal of the sample surface, φ is the X-ray emission angle to normal, is the detectable solid angle of X-ray generation and ξ i is a reaction factor of ith element, that is the mass absorption coefficient per detection solid angle for each interaction of the target element. The formula is integrated over an energy range of E if the primary X-rays are not monochromatic. The total mass absorption coefficient is calculated from that of each component element μ i as follows,
Each of the three processes, X-ray fluorescence and coherent, and incoherent X-ray scattering can be described with the formulation of Eq. (1) with different ξ i for different primary interactions in the slab. Total errors, including un-certainties of published fundamental parameters, were estimated to be less than 10% of both fluorescent and scattering X-ray photon counts.
3.1.1 X-ray fluorescence X-ray fluorescence is generally understood by the following process: a photoelectric absorption of a primary X-ray photon by an atom, followed by the transfer of an electron in the outer shell orbit down to the vacancy, resulting in a photon generation whose energy equals the potential difference between the two energy levels. ξ i for this process is a product of the mass absorption coefficient for the photoelectric absorption and the probability of X-ray emission for a vacancy.
In the case that an electron in orbital k of an atom of ith element traps the primary X-ray photon and escapes from the atom and an electron in orbital l falls down to the vacancy, ξ i is written as
where, μ (pe)i (E) is the photoelectric mass absorption coefficient of ith element at energy E, R ik is the probability of trapping the primary photons in kth orbit, ω ik is the fluorescence yield for orbital k, meaning the probability that X-ray fluorescence generation occurs from the vacancy, and P ikl is the probability of an electron in the orbital l falling down to the vacancy. The X-ray fluorescence generation is statistically isotropic so that the formula is independent of the emission angle and is divided by 4π for yield per unit solid angle. E is determined uniquely by the above i, k and l as the fluorescent line energy. In addition, the Coster-Kronig hole transfer probability must be considered in Eq.
(3) for L or higher shell vacancies. However, L or higher lines are not mentioned here because these lines of the lunar major elements are out of the detectable energy range of the XRS. 3.1.2 X-ray scattering Photons in the energy range 0.7-10 keV scatter in following two ways, coherent (Rayleigh) and incoherent (Compton) scattering, mostly by electrons in the material. These two components cause the background continuum for the fluorescent line emission. It is generally known that the intensity of those scatterings depends on the scattering angle and the photon energy, and it is the weakest if scattered to π/2 radian from primary direction. The efficiency factors ξ i of the scatterings are derived from the following differential cross section (DCS) per atom,
where N is Avogadro's constant, A i is the atomic mass of ith element and σ i is the cross section of each scattering for a single atom of ith element. DCS of the coherent scattering for an unpolarized photon is given by
where r e is the classical electron radius, α is the scattering angle (π minus the angle between primary incidence and scattered directions) and f i is the atomic scattering factor of the ith element, which depends on the scattering angle and the primary photon energy. The energy of coherently scattered photon is equal to the primary, i.e. E = E. Previous studies explained that the atomic scattering factor, or atomic form factor, f for the atom of the atomic number Z is given by following components (e.g., Chantler, 2000) ,
where f 0 is the conventional (normal) atomic scattering factor, f 1 is the non-relativistic anomalous dispersion correction, f rel is the relativistic correction, f NT is the nuclear Thomson scattering correction and f 2 corrects anomalous decrease of the coherent scattering near energies of the photo-absorption edges. Compared to the simplification f = f 0 for fast estimates, the corrections reduce approximately 10% of the scattering counts mainly in 1-2 keV range in the present case due to the anomalous scatterings near the edges. The flux of incoherent scattering photons is small relative to coherent scattering in this energy range, and its fraction is approximately 10% at maximum when the scattering angle is around π/2 radian. DCS of the incoherent scattering for an unpolarized photon is given (Ribberfors and Berggren, 1982) as
where σ (KN) is the Klein-Nishina cross section, E c is the Compton energy, and S i is the incoherent scattering function. It is generally known that the energy of the incoherently scattered photons is reduced to E c ,
where m e is the electron mass, and c is the velocity of light. For a more appropriate description of the incoherent spectra, energy of the incoherently scattered photons is broadened and has a distribution with a central focus on E c , which effect is called Doppler broadening, due to the initial energy distribution of target electrons. Therefore, in this case, Eq. (8) is rewritten with the double differential cross section (DDCS) as
The Doppler broadening effect is often considered to be insignificant for a case with continuum spectra without strong emission lines in the primary irradiation, but our model includes the effect to achieve more accurate estimates, thereby allowing a more realistic assessment of the implications. We use here a fast simulation algorithm suggested by Brusa et al. (1996) for the incoherent scattering calculations. The influence of the broadening effect was within 10% of the incoherent spectra without broadening, and within 1% taking into account all scattering effects. Fig. 1 . Solar X-ray spectra models of each solar condition at 1 AU were calculated by the MEKAL model with the parameters in Table 2 . A3 represents a typical solar spectrum during the XRS operation period, and B1, C1 and M1 represent spectra of each occasional flare state. The higher level flares occur less frequently. During the SELENE mission, a few tens of M1 flares are predicted to occur.
Solar X-ray spectrum
The spectral shape of the lunar X-rays significantly depends on the solar X-ray spectrum. The solar X-rays consist of a continuum as the result of the thermal bremsstrahlung and radiative recombination, and characteristic emission lines of solar corona. It is difficult to determine the solar X-ray spectrum accurately because it is highly variable in time. At present, data from GOES satellites are available to estimate the solar X-ray flux. Solar flare classes are A, B, C, M and X, indicating the order of magnitude of the solar X-ray flux in ascending order. Solar X-ray spectral models at four representative solar activity levels of A3, B1, C1, and M1 were used in this study (Fig. 1) .
Each of these models is calculated by the summation of spectra having multiple plasma temperatures and the emission measures of the Mewe-Kaastra-Liedahl (MEKAL) collisional ionization equilibrium plasma model using SPEX software (SPEctral X-ray and UV modeling, analysis and fitting, http://www.sron.nl/divisions/hea/spex/index.html).
Figure 1 shows the model solar spectra, and Table 2 shows parameters (plasma temperatures and emission measures) of the MEKAL calculations. These model spectra agree with the results of past studies (e.g., Clark and Trombka, 1997) in their continuum shape and flux, but our model includes the emission line component. In Fig. 1, A3 .0 is assumed as a "typical" or most quiescent solar state during the XRS operations. B, C and M represent occasional flare conditions, respectively. This assumption is a lower limit of the solar intensity. The typical condition of the Sun is able to be a little more active in 2007-2008 due to the 11-year solar cycle. During the actual XRS operations, the solar X-ray spectrum is simultaneously observed by the SOL-B for accurate conversions from the lunar fluorescence counts into the elemental abundances.
The solar strength on the lunar surface correlates with the distance from the Sun and the solar incidence angle. The solar X-ray strength J per footprint of the XRS is written as
where B is the size of the footprint in cm 2 , D is the distance from the Sun in AU, and J 0 is the solar flux per cm 2 at 1 AU shown in Fig. 1 . The primary flux given by Eq. (12) was used in the lunar X-ray model.
Calculations and Results of Lunar X-Rays
Computations of expected lunar X-ray spectra detected by the XRS onboard SELENE were carried out using the methods mentioned above. In this section, we show the configuration and some of the results of our simulations. SELENE orbits the Moon in polar circular orbits at an altitude of 100 km, and the XRS is always turned on and observes lunar surface pointing exactly at nadir. As mentioned in Section 2, the XRS has total detection area of 100 cm 2 and the square footprint of 20 × 20 km 2 area, yielding the highest X-ray collection efficiency at the center of the footprint.
In terms of the simulation parameters, X-ray emission angle φ and detection solid angle are constant during the mission, φ = 0, and ∼ 10 −12 , respectively. Primary incidence angle θ varies in 0 ≤ θ < π/2 periodically with the solar altitude (lunar latitude and β angle of orbit) at the time. Four solar spectra at solar activities A3, B1, C1, and M1 given by Eq. (12) were used as the primary excitation source.
For the elemental composition of the virtual lunar surface, average compositions of two Apollo landing sites, 12 and 16, were used as being representative of soils of lunar maria and highlands. Additionally, six typical rocks from the Apollo missions were added to the simulations: high-Ti mare basalt 70215, aluminous low-Ti mare basalt 14053, KREEP basalt 15382, ferroan anorthosite 15415 as a symbolic rock of highlands, and norite 77215 and troctolite 76535 representing the Mg-suite. Detailed compositions of major elements of these samples are shown in Table 3 .
In the XRS, the X-ray detection efficiency is determined by beryllium filters in front of the CCDs and the effective and ineffective layer thicknesses of the CCDs. Total detection efficiency at each photon energy was applied to the Table 3 . Compositions (wt%) of lunar samples for simulations (McKay et al., 1991; Taylor et al., 1991) .
Apollo 12
Apollo 16 calculated lunar spectra. Finally, in order to simulate the energy resolution of the CCDs which expands each emission line, the Gaussian distribution (normal distribution) function was applied to all the energy bins of spectra. Typical energy resolution of the CCDs experimentally estimated is approximately 150 eV at Si-Kα, and 190 eV at Fe-Kα as the FWHM of the emission lines (Shirai et al., 2008) .
As the results of the calculations, Figs. 2 and 3 show expected lunar X-ray spectra from the eight samples in the case of solar incidence angle θ = 0 (which means that solar altitude is 90 • ) at each solar activity level in Fig. 1 . These spectral histograms include the configuration and the performance of the XRS and simulate expected X-ray counts per second. Note that photon counts in the plots are divided by 10 eV, which is the size of the energy bins of the A/D converter for XRS detectors. Energy positions of Kα lines of the major elements are also shown on the upper horizontal axes. Figures 2 and 3 illustrate that Mg-, Al-and Si-Kα lines can be clearly seen under all conditions, whereas the higher Z elements Ca, Ti and Fe lines are identifiable only under more energetic solar conditions. Probability and required integration time for these lines are discussed in Section 5. On the other hand, Cr and Mn peaks are barely identified, and P, S and K are buried in the scattering backgrounds due to their small amounts of mass abundances. Detection of Cr and Mn is still possible but not probable. The other peaks in the spectra (some of them are hidden by lunar fluorescence peaks) are Kβ lines and scatterings of the emission lines in the solar spectra. As seen in the plots, scattering peaks of solar X-rays interfere with the lunar fluorescence peaks and produce an anomalous background in data analyses.
The overall lunar scatter background shows the downwardsloping feature, which is a reflection of the solar flux. Figure 4 shows spectra from Apollo 16 site composition by various solar incidence angles under solar levels A3 and C1. With decreasing solar incidence angle, the lunar scatter component becomes mild, and the fluorescent lines become more prominent. The reason for this is when the scattering angle is close to π/2, the X-ray scattering is less effective so that the background continuum is repressed, which in contrast to the isotropic fluorescence generation. The lines of Cr and Mn in the C1 plot, for example, are sharper at low solar incidence angles. These results indicate that the probability of detection of the less abundant elements will be enhanced in such a geometrical condition as when a solar flare occurs.
Relations between the normalized mass ratios of Mg, Al, Ca, and Fe to Si and the computed Kα X-ray fluorescence intensity ratios to Si are shown in Fig. 5 for the six rock samples. Ratios of the X-ray fluorescence intensity from the same sample significantly vary with the change in solar activity. Fractions of fluorescent intensity of Mg and Al, which form lower energy lines than Si, decrease under the condition of an intense Sun as contrasted to Ca and Fe (and also Ti). This is because the spectral profile of active Sun efficiently excites heavier elements.
As mentioned in Section 3, the relation between mass ratio and fluorescence photon count ratio, both normalized to Si, is theoretically nonlinear. To determine the elemental abundance ratio, linear working curve analyses are often available for small quantity fluctuations between similar total compositions. However, for accurate composition analyses, it is necessary to compare the observed data with the theoretical model, including the nonlinear matrix effect by major components. The results in Fig. 5 show that the XRS can distinguish the six typical rock types in Table 3 , if the line intensity ratios of the target elements to Si are measured within 10% accuracy. The rocks representing highland, ferroan anorthosite, norite and troctolite can be distinguished by the ratio of Mg/Si and Al/Si which are the most sensitive signals for the XRS. Additional information of Ca, Ti and Fe facilitate a more accurate identification, especially in the Table 3. mare basalts which are characterized by ratios of heavier elements.
Analysis of Critical Integration Time
The integration times required for detecting the target elements of Mg, Al, Si, Ca, Ti and Fe and their subsequent along-the-track spatial resolutions are discussed in this section. The aim of the XRS is to map the elemental abundance ratios (ratios to Si) on the lunar surface within 10% error. We also investigated the critical integration times to fulfill higher than 10 of signal-to-noise ratio (SNR) of the X-ray fluorescence peak. Here, we defined the SNR of the peaks by the following formula,
where S is the count of the fluorescent X-rays integrated over energy range of ±1σ from the peak center (σ is related to the FWHM according to σ = FWHM / (2 √ 2 ln 2), about 68% of fluorescent X-rays are contained in ±1σ .), and B is the count of the background (scattering) photons integrated over the same range of S. The critical integration times for Kα lines of the six target elements to achieve SNR = 10 were calculated individually for the samples in Apollo 12 and the 16 site average soil compositions in Table  3 . Four levels of solar activity and solar incidence angle increments of ten degrees were assumed. It is noted that the SNR obtained here represents an ideal condition of the detector, and Eq. (13) does not include instrumental noise or other background sources.
The results of Mg, Al and Si are plotted in Fig. 6(a-c) . Compositional ratios of these elements are the most fundamental information to identify dominant rock types and the degree of lunar geological processing. It seems that abundances of these elements are detectable within 60 s of integration in most cases of solar quiet A3, while Si is easier, and can be detected in less than 30 s. If strong solar flares over C1 occur, detection can be made within a few seconds. Since SELENE passes at a ground speed of 1.5 km/s, this integration time means that elemental mapping of the three major elements is simply conducted by spatial resolution along the track of <90 km and 20 km under the normal and active Sun conditions, respectively.
On the other hand, Fig. 6 (d-f) shows that identification of the heavier elements Ca, Ti and Fe require longer time integration by a factor of >10 3 during solar quiescence. Since the estimated spatial resolutions of these sub-major elements are more than 4500 km for a quiescent Sun, this is almost lunar hemispheric or bulk average analysis. Therefore, strong solar flares are necessary for spatially focused elemental composition analyses of these elements. For the spatial resolution of 20 km along the track, C1 or stronger flares are required for Ca, and M1 or stronger for Ti and Fe.
The remarkable thing is that the critical integration times at the high solar incidence angle (close to 80 • ) are only at maximum two or three times as long as those at the low incidence angle (close to 0 • ). Elemental mapping of the polar regions (60 • to 80 • latitude) or the case of high orbital β angle observations during dawn and dusk time was often considered to be ineffective, but practical observations can possibly be carried out with a little longer integration time.
Concluding Remarks
In this study, we have computed simulations for the lunar X-ray spectra observed by the XRS onboard SELENE with the improved X-ray interaction model and the solar X-ray spectral data, including emission lines from solar elements. The critical measuring times and the subsequent along-the-track spatial resolutions for the pulse height analyses of the target elements (Mg, Al, Si, Ca, Ti and Fe) were also estimated, which is applicable to the actual operations of SELENE. Anticipated along-the-track spatial resolution with SNR = 10 for Mg, Al and Si is <90 km, and 20 km during higher solar activity. With these resolutions, the distribution of dominant rock types in the lunar maria, highlands or large craters of the whole lunar surface can be mapped in detail.
The spatial resolution is correlated with the field-of-view of the XRS. With a double-wide footprint, for instance, the integration time and the along-the-track spatial resolution become half, whereas the swath of the measurements is broadened. The current configuration of the footprint size was optimized principally for the lunar X-ray flux and the corresponding machine power of data processing, nevertheless, the best spatial resolution of 20 × 20 km 2 at active solar conditions is comparable to the central peaks of large craters, such as Tsiolkovsky crater. The central peak is one of the most interesting areas for studies of lunar crustal processes (e.g., Tompkins and Pieters, 1999; Wieczorek and Zuber, 2001) , and this is one criterion for configuring the field-of-view. The XRS is potentially sensitive to resolve Mg/Si and Al/Si in the scale of central peaks, ejecta of large impact basins or valley-like features. Mapping of Ca, Ti and Fe will be usually done by relatively rough resolution that significantly depends on the solar activity level, but point abundance information within 100 km or smaller spatial resolution can be obtained during intensive flares. In any case, analyses of large geological features can be performed for the three elements during the 1-year long observation period, since a few intensive solar flares are likely to occur while the orbiter observes a part of the large area.
The spatial resolutions discussed above are those along the track of a single path. Spatial resolution is, however, practically improved with adequate data analyses and using multiple path data that covers the same area. On the other hand, instrumental noise or other background sources were not included in the calculations. It is generally known that X-ray CCDs suffer from radiation damage, which appears as increasing continuum background of spectra and degradation of the energy resolution, which in turn arise from exposure to energetic particles during passage through the Earth's radiation belts and a long time stay in space. Sufficient spectral analyses to remove the effects due to these phenomena should therefore be performed.
The relation between the fluorescence intensity ratio and elemental mass ratio varies with the change in solar activity so that a fixed calibration curve is not available in data analyses. In addition, lunar X-ray spectra include scattered X-rays of solar X-ray line spectra such as ionized S, Ar or Fe with the peaks at 2.5, 3.1, or 6.7 keV, respectively. These scattered lines should be carefully accounted for in the lunar fluorescence peak height analyses. To avoid these problems, concurrent monitoring of solar X-rays during the actual lunar operations and investigations of detailed solar spectra are needed. In the actual XRS operations, the SOL-B and SOL-C provide the solar X-ray profile at the time, and the solar spectral data can be deconvolved in detail by fitting to solar X-ray models, such as MEKAL model.
The lunar X-ray model used in this study assumes a flat homogeneous lunar surface, but macro-scale topographic features, such as slopes of the surface, and micro-scale roughness by particle size distribution of the lunar soil affect more than 10% of photon counts of both fluorescence and scatterings especially at large phase angle (Maruyama et al., 2007 (Maruyama et al., , 2008 . These effects must be considered for more accurate modeling of lunar X-ray spectra with experimental results or numerical simulations. Modeling photon interactions by the Monte-Carlo technique would be one possible investigation method. Experimental investigations of the effects will be also conducted by the observations from the XRS onboard SELENE.
